Monthly climatic data from 53 sites across Xinjiang, China, were used to compare drought severity from the widely accepted Standardized Precipitation Index (SPI) with the recently proposed Standardized Precipitation Evapotranspiration Index (SPEI), as well as trends in the data from 1961 to 2013. Monthly Thornthwaite based (ET o.TW ) and Penman-Monteith based reference evapotranspiration (ET o.PM ) were computed and subsequently used to estimate SPEI TW and SPEI PM , respectively. The indices' sensitivity, spatiotemporal distributions and trends were analyzed. The results showed that the TW equation underestimated ET o , which affected the accuracy of the SPEI estimation.
INTRODUCTION
Global warming, as indicated by the reported increase in global surface temperature by 0.74 W C over the past 100 years, is now an accepted fact (IPCC ). Water-and climatic-related hazardous events have happened frequently over the past several decades, as have more extreme events.
Drought is one of these extreme events and is harmful to agriculture, ecology, hydrology, economy and human life (Núñez et al. ) . Under the global warming background, slight decreases in severity of drought were observed using the (Budyko ) , and so on. Among these, the SPI describes both shortand long-term drought impacts by taking into account P anomalies at different timescales (Mirabbasi et al. ) .
The length of the P record and the nature of probability distributions affect the estimation of SPI values (Mishra & Singh  The 53 weather stations were selected in and around
Xinjiang for this study (Figure 1 ). The elevations of these sites range between 30 and 3,095 m above sea level. The weather stations around the Taklamakan desert are very sparsely distributed. Climate data at the daily and monthly and Lloyd-Hughes & Saunders () was followed.
Drought levels were divided into five groups: extreme drought (SPI À2.0), heavy drought (À1.5 > SPI ! À2.0), moderate drought (À1.0 > SPI ! À1.5), mild drought (À0.5 > SPI ! À1.0) and normal conditions (0.5 > SPI ! À 0.5).
The procedure for computing SPEI was developed by 
where ET o,PM is the reference evapotranspiration (mm day À1 ), G is soil heat flux (MJ m À2 day À1 ), T a is mean air temperature at 2 m ( W C), u 2 is wind speed at 2 m (m s À1 ), e s is saturation vapor pressure (kPa), e a is actual vapor pressure (kPa), Δ is the slope of the vapor pressure curve (kPa W C À1 ), γ is a psychrometric constant (kPa W C À1 ), and R n is net radiation (MJ m À2 day À1 ). R n is the difference between incoming net shortwave radiation and outgoing net longwave radiation. Monthly G is estimated by:
where i þ 1, i and i À1 are numbers of months, respectively.
Here, ET o,PM is assumed to be the closest value to true ET o .
The difference between ET o,PM and ET o,TW is denoted as D ET : Kendall ) was applied in this study to robustly test trends in the time series x L (L ¼ 1, 2, …, n, where n is the total number of years). The MMK test considers the effects of self-correlation on the x ii statistic (Z ) tested using the original Mann-Kendall method to obtain a modified statistic Z m using a correction factorn s , written as follows:
where r j is the self-correlation coefficient of x ii given a lag time j. The sample auto-correlation coefficient r j is estimated by (Kottegoda ; Topaloglu )
where x is the average of all x i in the data set. The lower and upper limits of r j at 95% confidence level are estimated as follows (FAO ; Kottegoda ):
If r j falls inside the confidence limits, the hypothesis that r j is zero is accepted using a two-tailed test and a maximal lag j with temporal-dependence in x L , i.e. j TD , is determined.
Both Z and Z m follow a standard normal distribution under the null hypothesis that there is no trend in x L . The null hypothesis is rejected if Z j j and Z m j j are both larger than 1.96 at the 0.05 confidence level. If Z (or Z m ) is positive (negative), x L has an upward (downward) trend. When j TD ¼ 0, the value of Z can reliably be used to determine the significance of a trend; when j TD ! 0, the value of Z m is computed to detect the significance of the trend (Li et al. ) . The magnitude of the trend (b) was robustly estimated by Sen () and can be calculated as follows:
where x m and x k are the values in the mth and kth year, respectively. and SPEI PM in EX from 1961 to 2013 at the one-, three-, six-and twelve-month scales are illustrated in Figure 5 .
RESULTS
SPI values ranged from À3.5 to 3.2, À2.9 to 4.0, À2.6 to 3.2, and À2.9 to 3.7, respectively. SPEI TW values ranged from À2.9 to 3.7, À3.9 to 3.9, À3.2 to 2.9 and À3.6 to 2.5, respectively; and SPEI PM values fluctuated between À5.5 and 2.5, À2.8 and 2.6, À2.5 and 2.5, and À2.6 and 2.2, respectively. Both the SPI and the SPEI PM indicated less severe droughts than the SPEI TW at different timescales, especially in the most recent 20 years. This suggests that SPEI TW does not reflect actual changes in drought conditions in Xinjiang very well, particularly given the general increase in DI over the last 50 years (Li & Zhou ) . ( Figure 6 ) showed the following. (1) Both the twelve-month SPI and SPEI PM were generally consistent in their variation patterns from 1961-2013, and both indicated some discrepancy between the drought severity levels in NX and SX, especially from 1969-1973 and 1989-1992 , 1967, 1970, 1979, 1983 and 2007-2010 . This suggests that different drought severity implications are deduced by the SPEIs compared to the SPI. Both the SPEI TW and SPEI PM reinforced drought severity over the SPI, although values varied for SPEI TW and SPEI PM , and the former consistently indicated even shorter drought durations and larger peak values. These trends were especially evident during the most severe drought event in Xinjiang (1974) (1975) (1976) (1977) (1978) (1979) (1980) (1981) data are easy to obtain in most regions of the world.
Correlations between SPI, SPEI TW and SPEI PM
Correlation scatter plots for each SPI, SPEI TW and SPEI PM pairing at different timescales across the region (EX) are shown in Figure 7 (R 2 is determination coefficient). Relatively good correlations were found between SPI and SPEI PM at all four temporal scales across Xinjiang (0.66 < R 2 < 0.76), while the correlations between SPI and SPEI TW (0.47< R 2 <0.64) and between SPEI TW and SPEI PM (0.54 < R 2 < 0.64)
were less notable (Figure 7) . These relationships were also revealed by the concentration of data-points along the 1:1 line. The linear-trend lines relating SPI to SPEI PM at the four timescales were close to the 1:1 lines, and the linear slope and R 2 values both increased with the timescale analyzed.
On the other hand, the trend lines for the SPI-SPEI TW pairing and the SPEI TW -SPEI PM pairing were not as close to their respective 1:1 lines, and their linear slope and R 2 values generally decreased with the timescale analyzed. SPEI TW did not agree with SPI very well, but SPEI PM did at the EX scale. There are also differences between the Pearson's correlation coefficient (r) in the NX, SX and EX regions. The values of r 1 for SPI vs SPEI TW , r 2 for SPEI TW vs SPEI PM , and r 3 for SPEI TW vs SPEI PM for the four studied timescales in NX, SX and EX are compared in Figure 8 . An acceptably high correlation (r > 0.5) between the SPI, SPEI TW and SPEI PM series was found. As the timescale assessed increased, the r 1 and r 3 values generally decreased, while the r 2 value increased. The r 2 curves were generally higher than the r 1 and r 3 curves for NX, SX and EX. Values of r 1 and r 2 exhibited the following regional pattern: NX > EX > SX. Values for r 3 followed the opposite trend. The largest difference in r 3 values existed between NX, SX and EX compared to r 1 and r 2 ranges. In general, the correlations between the SPI and SPEI PM were better than between Figure 9 . r 4 values were largest compared to the other four r values, followed by r 6 , r 5 , r 8 and r 7 for the same region. r 4 , r 5 and r 6 values were positive, but r 7 and r 8 values were negative; as a result, the sensitivity of the drought indices to P was much higher than their sensitivity to ET o .
Sensitivities were ranked as follows: SPI vs P >SPEI PM vs P However, it should be noted that the stations they selected were mostly coastal or near coastal regions; only two out of 34 sites were located inland. On the other hand, all and EX vs timescales: r1-r value between SPI and SPEITW; r2-r value between SPEI TW and SPEI PM ; and r 3 -r value between SPEI TW and SPEI PM . studied sites in the present research were located inland and were far from any seas. Therefore, the results of these two studies may differ because there is unavoidable spatiotemporal variability in P and T for different regions.
Trends in the SPI and SPEIs
The Sen's slope (10 3 b) and MMK statistic (Z m ) values were compared for the SPI, SPEI TW and SPEI PM over twelve months at the one-, three-, six-and twelve-month timescales ( Figure 10 ). Figure 10 shows the following.
(1) Values of b and Z m for both SPI and SPEI PM in different months were generally positive regardless of the temporal scale. This indicates that drought severity for each month in Xinjiang generally decreased from 1961
to 2013 according to the SPI and SPEI PM , although seasonality was a factor. However, there were negative Z m values for SPEI TW at months 4, 6, 4 and 2 given the one-, three-, six-and twelve-month scales, respectively.
Additional negative values were found for the SPEI TW b value. Trends in SPEI TW varied alternately between increasing and decreasing, revealing the complicated nature of drought severity. These results indicate that droughts in Xinjiang were alternately lighter or harsher over the period 1961-2013 according to the SPEI TW .
By comparing the b and Z m values for the SPI, SPEI TW and SPEI PM , we were able to identify great consistency between the SPI and SPEI PM trends but little consistency between the SPI-SPEI TW and SPEI TW -SPEI PM trends.
(2) The differences in b values over twelve months decreased consistently as the timescale increased for each index.
The j TD between SPI and SPEI PM increased as the timescale increased, but for SPEI TW it was opposite.
Corresponding to one-, three-, six-and twelve-month timescales, the j TD values of SPI in 2, 4, 6 and 12 months were larger than 0, the j TD values of SPEI TW in 3, 2, 0 and 0 months were larger than 0, and the j TD values of SPEI PM in 7, 8, 8 and 12 months were larger than 0. The j TD values of SPI from one-to twelve-month timescale increased from 1 and 8 to 11 and 12, respectively. The j TD values of SPEI TW were generally smaller than 8, indicating temporal-independence of SPEI TW . The j TD values of SPEI PM ranged between 1 and 12 and become more and more close for each month as the timescale increased to 12-month. The general increase in j TD values at the twelve-month timescale affected the significance of the twelve-month SPI and SPEI PM trends, shifting them from significant to insignificant in different months, which was more suitable for SPI. The SPEI TW exhibited fewer self-correlations and was less correlated with time for most of the months analyzed at the different timescales; as a result, this index was inapplicable in this location because climatic variables are time-dependent to different extents. In general, temporal trends in the SPEI PM agreed well with those for the SPI over a twelve-month period, indicating that drought severity in Xinjiang had declined.
The changes, correlations and trends in SPEI TW did not agree well with those of SPI at the four studied timescales, but those of SPEI PM did. Beguería et al. () reported that the magnitude of a trend increased with the timescale for SPEI but declined at the global scale, i.e., drought severity was increasing worldwide. In spite of their conclusion, local and regional drought severity and trends may differ from our results. Given that SPI has been accepted worldwide as a spatiotemporal drought index (Guttman ; Hayes et al.
)
, SPEI PM is a more acceptable and applicable index than SPEI TW in Xinjiang because of its high consistency with SPI at different timescales. Therefore, the following section will compare SPI and SPEI PM but not SPEI TW . Figure 11 shows the spatial distributions of Sen's slope (10 3 b) and the significance of the trends in annual mean SPI and SPEI PM at the one-, three-, six-and twelve-month timescales for the 1961-2013 period in Xinjiang. The number of sites at which different SPI and SPEI PM trends were noted and series with serial self-correlation structures ( j TD ! 1) were found are also given in Table 3 . At 51 of 53 sites, there were upward trends in SPI for all timescales.
Only two sites, i.e., Tieganlike and Qijiaojing, both of which were located in eastern Xinjiang, exhibited downward trends in SPI at the four timescales. The number of sites with insignificant upward trends in SPI generally increased as the timescale assessed increased because there were an increasing number of sites at which the SPI series had self correlations. Fewer sites exhibited significant upward trends in SPEI PM than in SPI. A greater number of sites showed insignificant (upward or downward) trends in SPEI PM than in SPI.
No site exhibited a significant upward trend in SPEI PM . The spatial distribution of SPI in Xinjiang was close for different timescales and was similar to that for SPEI PM . However, the spatial distributions of SPI and SPEI PM generally differed greatly at the same timescale. The SPI series at 21, 26, 29 and 49 sites had serial self correlations at the one-, three-, six-and twelve-month timescales, respectively, while the SPEI PM series at 40, 41, 43 and 53 sites had serial self-correlations at the one-, three-, six-and twelve-month timescales, respectively. Therefore, the greater the number of sites at which the SPEI PM (or SPI) series had self-correlations, the greater the number of sites with insignificant trends in SPEI PM (or SPI); this is because serial self-correlations always change the significance of the trends from being significant to insignificant. Generally, there were more sites that had significant trends in SPEI or SPEI PM in NX than in SX. The differences in the trends across these two regions were more evident in the SPI values than in the SPEI PM values at the different temporal scales. Ranges of b for the SPI shifted from À4.2 × 10 À3 -1.62 × 10 À3 at the one-month timescale to À1.87 × 10 À2 -3.66 × 10 À2 at the twelve-month timescale; and ranges of b
for SPEI PM shifted from À3.73 × 10 À2 À3.92 × 10 À2 at the one-month timescale to À4.19 × 10 À2 À5.91 × 10 À2 at the twelve-month timescale. Whether using SPI or SPEI PM , many more sites indicated upward trends than downward trends, which highlighted the general decrease in drought severity throughout Xinjiang. These results agreed well the TW equation in accurately estimating ET o and subsequent SPEI in Xinjiang. The computed SPEI TW was more consistent with the SPEI PM but less consistent with the widely-accepted SPI at the four studied timescales, not only based on the r values between the different indices, i.e., SPI, SPEI TW and SPEI PM , but also based on their appropriateness in denoting the historically severe drought from [1974] [1975] [1976] [1977] [1978] [1979] [1980] [1981] . Moreover, correlations between the three types of drought indices and their related climatic variables (P, ET o,TW , or ET o,PM ) showed that both the SPI and SPEI PM were highly sensitive to P, but the SPEI PM and SPEI TW were not very sensitive to ET o .
Using the MMK method, increasing trends in SPI and SPEI PM were detected for different months, although seasonality was a factor. There were much more downward trends in SPEI TW which were largely inconsistent with the upward trends in SPI and SPEI PM . Trends in the SPI and SPEI PM for different timescales increased at most sites, although the number of sites with insignificant trends increased as the timescale assessed increased. A greater number of sites had insignificant SPEI PM trends than SPI trends at the same timescales because the SPEI PM series had stronger self-correlations than the SPI series. The generally increasing trends in the drought indices implied a decrease in drought severity across the arid and semi-arid regions of Xinjiang. The drought evolution patterns in Xinjiang contradicted those at the global scale, as noted in Beguería et al. () .
In the meantime, regional differences were also shown between NX and SX through a comparison of different D ET ranges, different correlations between the three drought indices or drought indices vs climatic variables, different trends and significances, and different spatial distributions.
The overall comparison between the three different drought indices indicated that the SPI and SPEI PM were both applicable in Xinjiang; however, the SPEI PM better denotes drought severity in Xinjiang in the context of climate change.
Overall, there were three important points from this research which demonstrated new insights. First, this study clearly quantified the relative accuracy difference between 
